Background-Aortic stenosis has been reported to manifest a slow rate of progression in mild disease, with a greater likelihood of progression in patients with moderate-severe disease. The natural history of the Doppler-estimated maximum gradient (DEMG) in patients after balloon aortic valvuloplasty (BAVP) has not previously been studied on a large scale. Methods and Results-A retrospective review was performed of 360 patients from 1984 to 2012 with aortic stenosis, providing a total of 2059 echocardiograms both before and after BAVP. Patients were excluded if they had an intervention within the first 30 days of life. The relationships between the aortic stenosis DEMG and several predictors (age at initial study, body surface area, valve morphology, and initial DEMG) were explored using linear mixed effect models.
T he clinical management of patients with congenital aortic stenosis (AS) continues to be informed primarily by the Second Natural History Study of Congenital Heart Disease for long-term prognosis. 1 The rate of disease progression in that study was estimated mainly on the basis of catheterization-derived peak systolic gradients, with subsequent research studies examining Doppler-derived gradients in patients prior to any intervention. An additional report from the Second Natural History Study group included comprehensive 2-dimensional and Doppler echocardiograms, but the echocardiograms were only 1 data point per patient. 2 Prior studies have shown a slow rate of progression of congenital AS, especially in patients starting with trivial-mild disease. 3, 4 With respect to valve morphology, patients with a bicommissural aortic valve secondary to right-non coronary commissural fusion in one large study were more likely to progress to moderate-severe AS compared with those with right-left and left-non commissural fusion. 5 The relationship between valve morphology and rate of progression is less clear, with discrepant findings reported. 3, 6 Furthermore, any differences in progression of AS in patients who previously underwent balloon aortic valvuloplasty (BAVP; either because of healing or postdilation remodeling) and those with native, untreated AS have not been characterized. The goal of the present study was to examine the rate of progression of the Doppler-estimated maximum instantaneous gradient (DEMG) in patients with AS who did not undergo invasive treatment and both before and after intervention in those who underwent BAVP, while accounting for factors such as age at initial echocardiogram, severity of disease at presentation, and valve morphology.
at our institution. Prior or follow-up studies performed at outside institutions were not included. Patients were excluded if a catheter or surgical intervention was performed within the first 30 days of life.
Patients with prior surgical intervention were also excluded, whereas patients with a prior BAVP at our institution were included in the postintervention group. Additional exclusion criteria included left heart hypoplasia with a left ventricular end-diastolic volume z score <−2 and the presence of at least mild subvalvar AS. Anomalies such as an atrial septal defect, small ventricular septal defect, coarctation of the aorta, and patent ductus arteriosus were not considered exclusionary.
Patients with acquired causes of AS such as rheumatic heart disease were also excluded. In patients who underwent surgical intervention on the aortic valve, the type of procedure performed was recorded, and the patient was censored from analysis at the time of surgery. After BAVP, patients were moved to the postintervention group.
Imaging Data
Echocardiographic data prior to any surgical intervention were included for all patients prior to any surgical intervention. Recorded data included patient age, sex, aortic valve morphology, and the DEMG across the aortic valve. In studies where multiple AS gradients were reported, the maximum value from any view was recorded. Data were obtained solely from the reports with no secondary review of the original study images. Aortic valve morphology was determined from the parasternal short axis or subcostal views. Grade of aortic regurgitation (AR) was also recorded from each study report. In patients who underwent catheter-based intervention, AR severity was recorded from the initial postcatheterization echocardiogram and all subsequent echocardiograms. The subset of patients with trivial-mild AS (initial DEMG of ≤40 mm Hg, peak velocity ≈3.2 m/s) was examined to look for factors associated with later interventions, including either BAVP or aortic valve surgery.
Data Analyses
Continuous variables are presented as mean±standard deviation or median and range depending on the normality of their distribution. Ordinal and nominal variables are summarized as frequency and percentage. The relationships between the AS DEMG and selected patient-related variables (eg, age at time of initial echocardiogram, initial DEMG, valve morphology, and history of intervention) were explored using linear mixed effects models which assumed random intercepts for each subject, but a common slope; the P values for these models test whether the slopes, which estimate the rates of progression, differ from 0. To explore the difference in AS progression related to somatic growth, the DEMG was adjusted by the body surface area (BSA). Rates of progression are reported as mean changes in mm Hg per year of follow-up, with 95% confidence intervals. A Wilcoxon signed-rank test was performed to compare the pre-and post-BAVP groups. In the cohort of patients with a DEMG ≤40 mm Hg, Student's t test and Fisher exact test were used to compare the intervention and nonintervention groups. All statistical tests were 2-sided. Kaplan-Meier curves were plotted with an outcome of valve intervention (BAVP or surgery) from the time of the initial echocardiogram. A P-value of <0.05 was considered significant. Statistical analyses were performed using Stata 12.1 (StataCorp, College Station, TX) and GraphPad Prism version 7.00 for Windows (San Diego, CA).
This retrospective study was performed according to a protocol approved by the Committee for Clinical Investigation (institutional review committee) at Boston Children's Hospital with waiver of individual informed consent. The authors had full access to the data and take full responsibility for its integrity. The data that support the findings of this study are available from the corresponding author on reasonable request. All authors have read and agree to the article as written.
Results

Patient Demographics
Patient demographics are summarized in Table 1 . From January 1984 to December 2012, a total of 360 patients were identified who satisfied inclusion criteria for this study. There were a total of 2059 echocardiograms with a median of 5 studies per patient (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . The median age at the first echocardiogram was 5.2 years, with median initial DEMG of 30 mm Hg. The majority of the patients were male (76%) and had a bicommissural aortic valve (84%); there were similar proportions of patients with left-right and right-non coronary commissural fusion fusion (43% versus 40%, respectively).
DEMG Rate of Progression
The rate of the progression of DEMG as stratified by various factors is shown in Table 2 , with Figure 1 depicting the linear relationship between gradient and age for patients who had not undergone BAVP previously and those who had. P values reflect whether the rate is significantly different than 0. The average increase in gradient for the no prior intervention group was 0.6 mm Hg per year of follow-up (P<0.001). Unicommissural valve morphology was associated with more rapid progression than bicommissural morphology (0.8 versus 0.5 mm Hg/year; P<0.001). Figure 2 shows the pre-and postintervention trend in the DEMG stratified by initial gradient at presentation. The ≤40 mm Hg and the 41 to 59 mm Hg groups had no significant difference in progression regardless of intervention status. However, a slower rate of progression was noted in patients with no intervention and an initial DEMG of ≥60 mm Hg (P<0.001).
Patients who were ≥10 to <15 years of age at their first echocardiogram at our institution demonstrated a more rapid rate of progression compared with those of other age groups (1.2 mm Hg/year versus a range of 0.5-0.6 mm Hg/ year; all rates were significantly different than 0; P<0.001). This relationship was further explored using linear mixed effects models, with the DEMG adjusted by BSA. Using this approach, the slope in the ≥10-to <15-year age group was found to be 0.1 mm Hg/m 2 per year, with the slope for the entire cohort being −0.3 mm Hg/m 2 per year; both rates were significantly different than 0; P<0.001.
Patients with subsequent BAVP or aortic valve surgery had a more rapid rate of preintervention progression than those without a subsequent intervention (1.8 versus 0.5 mm Hg/ year and 1.3 versus 0.5 mm Hg/year, respectively; P<0.001 for both).
Subsequent Interventions
BAVP was subsequently performed in 99 patients (28%), and surgical intervention was performed in 50 patients (14%). At least 2 pre-and postintervention echocardiograms were available in 34 patients in the BAVP group. The median rate of progression post-BAVP was significantly lower than the median pre-BAVP rate of progression (n=34; pre-BAVP 3.97 (1.69-8.7) mm Hg/year; post-BAVP 0.40 (−1.80-3.88) mm Hg/year; P=0.008). Figures 3 and 4 show K-M curves with freedom from intervention for all patients by age group and valve morphology, respectively. Freedom from intervention, based on age at initial echocardiogram (Figure 3) , was not significantly different in patients who were younger at the time of first echocardiogram. There was also no significant difference in the freedom from intervention in patients with unicommissural versus bicommissural aortic valves, despite the previously identified more rapid rate of DEMG progression (Figure 4 ; P=0.21). The rate of progression between the 2 most common forms of bicommissural aortic valve was also not statistically significant in patients with mild AS: rightnon coronary commissural fusion and right-left commissural fusion (Table 3 ). Figure 5 depicts the freedom from valve intervention in patients stratified by initial DEMG. Patients with an initial DEMG of ≤20 mm Hg had an event rate of <1% within 10 years, while those with a gradient of >20 to ≤40 initially were essentially intervention free at 5 years. In the >20 to ≤40 mm Hg group, the hazard for intervention increased after ≈12 years, with few interventions in the ≤20 mm Hg throughout the study period. In patients with initial gradients of >40 to ≤60 and >60, there was a fairly steady hazard for intervention from the time of first echocardiogram onward, but at 10 years, freedom from reintervention was ≈50% and 30%, respectively, in these groups.
In the post-BAVP group, the average rate of increase in gradient was 0.12 mm Hg/year, but there was considerable variability and no statistically significant temporal trend (P=0.34), as seen in Figure 1 . When stratified by initial DEMG, the post-BAVP trend remained stable with a slow rate of progression across groups.
Mild AS
Among patients with trivial-mild stenosis on the initial echocardiogram with no prior intervention, there was no significant difference in age or sex between those who did and those did not go on to have an intervention (Table 3) . Patients who ultimately underwent aortic valve intervention had a higher initial DEMG (28±8 mm Hg versus 21±9 mm Hg; P<0.001), as well as a greater degree of initial AR (P<0.001). There was no significant difference between the 2 groups in the distribution of valve morphology. Table 4 shows the type of interventions performed in this subgroup, as well as the primary indication for the intervention. BAVP was performed in 17 of the 228 patients (7.5%) and surgical intervention in 23 (10%).
Three patients had a BAVP followed by a surgical intervention. Initial surgical aortic valvuloplasty was possible in 15 of the 23 patients (65%), with the other 8 undergoing valve replacement (35%).
Discussion
The goals of this study were to characterize the progression of congenital valvar AS over time in the pediatric population, both in patients with native disease who had not undergone intervention and in those who had been treated with BAVP and to evaluate patient-related, anatomic, and other factors associated with the rate of change in the DEMG. There was a slow but statistically significant increase in DEMG overall, with differences in the rate of progression according to valve morphology, age at initial study, and subsequent valve intervention (Table 2 ). Of interest, there was a net negative rate of progression for patients in the ≥60 mm Hg group. When we examined this further, 2 of the patients contributed a substantial number of echocardiograms to the analysis. When these 2 patients were excluded, the slope was flat and not statistically significant. Although uncommon, this finding does show the possibility that patients presenting with DEMG ≥60 mm Hg can have a decline in the gradient over time without intervention or it may speak to the variability of Doppler-estimated AS gradients, particularly at higher velocities.
Prior work from our institution found that the rate of AS progression in patients with a bicommissural aortic valve differs according to aortic valve morphology. 5 That study evaluated all patients with a bicommissural aortic valve, whereas our analysis included only patients with at least mild valvar AS. Despite the more rapid rate of progression in the unicommissural aortic valve population, there was no significant difference in freedom from intervention in this group compared with other morphologies, at least among patients who did not undergo neonatal intervention. This finding held true when we looked at the various types of bicommissural aortic valve (Table 3) . Aortic valve morphology is a spectrum with multiple variations and many examples of partial fusion of the valve commissures. 7 As such, valve morphology does not seem to be a reliable indicator of the need for intervention.
The results of this study support reducing clinical followup with Doppler echocardiography in patients with mild congenital AS to no more than every 2 to 3 years. This is backed by the finding that those patients with an initial DEMG <40 mm Hg had essentially no interventions within 5 years of their first echocardiogram. This recommendation is for those patients with congenital AS without accounting for the degree of AR and is in alignment with the recommendations of Bartz et al. 8 Determining the optimal frequency of follow-up for patients with AS is dependent on multiple factors, not simply the rate of AS or AR progression. As the majority of this population has a bicommissural aortic valve, aortic root dilation may also be a consideration. Although we have previously found that aortic dilation is relatively slow in patients with untreated AS, as well as after BAVP, it may still be consideration in the timing of follow-up evaluation. 7, [9] [10] [11] Although sudden unexpected death after BAVP in patients with AS is of concern, the risk is low. Examining patients from our database, Brown et al 12 reported a single case of sudden death in the subgroup of patients older than 4 years of age (n=422). Diastolic dysfunction in AS may influence practices around follow-up as well, but the threshold for intervention to prevent its development remains unclear. 13, 14 Additional methods of assessment of diastolic function are necessary to improve the ability to predict the need for valve intervention.
While the overall rate of progression of the DEMG was stable after BAVP in this cohort, there remains a significant risk for valve reintervention, both for residual AS and worsening AR. Mixed aortic valve disease presents unique challenges in both children and adults. 15, 16 We previously found a 10-year freedom from aortic valve surgery of ≈54% after initial BAVP, with at least moderate AR occurring acutely in 14% of patients. 17 Prior work has shown that even with the use of limited balloon diameter, progression of AR remains a significant concern, with those at highest risk for progression of AR not easily discriminated. 18, 19 This is especially true after BAVP, when at least some degree of valve tearing has taken place to reduce the AS gradient.
The concept of growth-associated changes in the DEMG was raised when examining the subgroup of patients from ≤10 to <15 years of age as this group had a significantly higher rate of change compared with the other age groups. This period of time, which includes early adolescence, is known to be associated with significant somatic growth. Adjusting the DEMG for BSA showed a flat or slightly negative rate of change during this interval. As cardiac output rises proportional to BSA, there is no increase in gradient in patients without AS. It is possible that the stenosis may be because of inadequate growth of the valve rather than progressive diminution of valve area. Prior work by Minners et al 20 showed improved comparability of patients with AS by adjusting the aortic valve area by BSA. However, there was no increase in predictive accuracy for clinical events. When following patients with AS over time, consideration for changes in BSA is warranted, although further study is necessary to determine how such factors might impact treatment decisions, if at all.
Limitations
The primary limitation of this study was its retrospective nature and the inherent limitations associated with this type of study design. Given the long study period, techniques and standards could have changed slightly over time. Patients were also evaluated at a tertiary care center, and as such, the epidemiology of the patient population may not be reflective of all clinical settings. Some of these patients, particularly those who were older at the initial echocardiogram at our institution, may have had prior echocardiograms elsewhere. It is possible that these patients may have been followed with lower gradients and only referred when the DEMG was high enough for intervention. Measurement of the DEMG is dependent on proper technique and the ability to obtain an ideal angle of interrogation. In an attempt to control for this, the maximum reported gradient was used for the study. Ideally, maximum gradients from the same echocardiographic window would have been reported on successive examinations on each patient given the variability between apical, high parasternal, and suprasternal notch measurements, with the higher windows tending to overestimate the catheterization gradient to a greater extent. 21 In addition, the mean AS gradient obtained with continuous wave Doppler has been shown to correlate better with the peak gradient in the catheterization laboratory. 21 These data were not included as it was not routinely available in the early study period. Clinical decision-making regarding the need for intervention is affected by multiple confounding factors that could not be fully accounted for in the study design.
Conclusions
There is a slow, but steady increase in the DEMG in children and adolescents with congenital valvar AS, regardless of the initial gradient at the time of diagnosis. Even patients with gradients that are considered mild or trivial demonstrate progression, and in rare cases, these patients go on to have an aortic valve intervention. Patients with more severe AS at the time of the initial echocardiogram do not necessarily progress any more rapidly than patients with lower initial gradients. Sex, age at initial echocardiogram, and valve morphology were not associated with subsequent BAVP or surgery. Among patients with mild AS, a higher initial DEMG was associated with later need for intervention. Although the slope of the AS change was steeper in the adolescent age group, adjustment for changes in BSA eliminated this difference. The rate of AS progression after BAVP was significantly lower than that prior to intervention, although often associated with more AR.
